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Abstract

A systematic search for zero temperaturdcoefficient of acoustic surface wave'

delay.has been made on'the materials TeO2 , quartz, LiTaO3 and LiNbO3. Such

temperature -compensated orientations-are needed. for application to w ideband

multi-•tnction modems, and other signal processing devices.

Two temperature compensated cuts of TeO2 have been discoverre0. These tLo.

orientations possess simultaneously zero temperature coefficients 'of delay, ,zero

power flow angles and ultra-low surface wave velocities (1387 and 1424 m/sec).

This last property allows longtime delays in short spaces with consequent reduc-

tions in size and weight. The piezoerectric-coupling-param eters (6v/v,) for these

orientations are 2 X 10-6 and8-x 105

The lowest temperature coefficient of delay',on LiTaO 3 was, found to-be 2"I

ppm/0C Ltor-an orientationzha.ving 1. 550 of beam steering. The sacrifice of several

parts per million in temperature sensitivity (to 30 and 33 ppm/OC) yields two Qpure

mode orientations having velocities of 3300 m/secand moderate coupling (4v ;v

0. 0037 and 0. 0045). An orientation of LiTaO3 has beefi,dircovered having sub-

stantially-higher coupling (Av/v = 0. 0084) than any previously known.

The 41. 50 rotated cut, X-propagatingorientation of LiNbC 3 hasa temperature

coefficientof delay of 72 ppm/°C which is the best yet-found for this material.,

e
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4 Preface

-This Work was -Undertaken i.n response to the Rome Air Developmient Center

- ~(RADJ) Research Need 71-21las documrented on AF Form 111 and entitled

,'Research on Surface W~v Phenom~ena for Application to Wideband Multi-Funct' n

Modemi." Th fo1.Vowini'statemwents are quoted from this document. "iNew ma-
terials-oi~ cut orientation& are needed which can support~acoust-ic surface -waves

and-which go.ssess. zero-,or very small temperature coefficients-with -low insertion

loss." "Currently, the rhgst popiular materials used to provide signal processing

functions with acoustic surface waves are -the piezoelectrics. Of those used, only

theýST'qut of quartz, pziov'des a zero- temperature coefficient over any qappi eciable

* ~range."
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The Temperature'Coefficients- of Acoustic
Surface Wave Veloceity- an~d- Delay- on

Lithium Niobate, Lithium Tantalate,-
"Quartz, and 'Tellurium Dioxide

1. INTROMICTION

surface wave-acoustic devices~are currently coming into widespread systbrrns

use for the performanice of a variety of delay.and signal processing, functions (Bush

et aA, '190;, Bush, 197 1). However, forý many applications it is highly desirable to

use a temperature compensated cut to support the surface wave., that is, -a crystal-

line orientation-having zeim temperature coefficient of delay. -Infact-,-Carr et al

(197 l),have shovn~that a limitati.5n on the application of surface wave-e'&coders~and

decoders to multipl-e-a~ccess, rjecure commnunications-systems is the'degr'adation

of the neak-to -sidelobe ratio~cif the- auto correlation function- due to temperature

-~ - -differences.

In spite of several recent theoretical and exoerimerital~searches-'(Schulz et al,

11970; Hblland'andý,Schulz, 1970; Welsh, 167 1; Lew~is et al, 1971,-n Schulz and

Holland, 1971)- the only-temperature compensated cuts presently known are on a

quartz. The most widely- used is the S-T-cut, X-propagating corientation discovered

by Schulz et al1-(l970). Unfortunately, crystalline quartz possesses a very low

pie-zoelectric -couplitig constant which-leads to undesirably high incertion losses for

any devices constructed using~this material.

Two matiiri4Js- wI'icvh'-have relatively high piezoelectric coupling are lithium

hiobate and lithiunk tLantalaW,.. An orientation having zero temnperature coofficient-_

(Received for publication 17 December 197 1)
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Here T-is temperature and vs is the surface wave velocity. ,. deiLredtempera-

-ture compensated cut occurs at roo- temperaturewhenever E3q.,4( equals zero

for'T1 t250 C.
Forvthe purposes .o1_numerical calceahtion, the followingRappoximation to

Eq. (1) was used to conrpi;, .thie-temp-riture c'efficieni of vel6city'(for TeO2 4

- 200C was used'a -'the-centri-,reference. temperatnire):

1 rv "35oC)Q i0)
TCV_-O-(

the'actual procedure consisted of three-steps:

I .Cciput-tionwof'rhatefiil constants at 15°C. 25 0 C and350 C

(1,00 C, 20PC andz3 0 C for TeQ2 )

II COmputation of surface wave velocities at each bf these temperatures

using the results.; 2 step-I

III Use~of Eq., "1','4j compute TCV.

As the surface ý,# :,-v¢city-is highly anisotropic, each of these three steps, had

to be repeated,. tie degree intervals for all orientations investigated.

Step ?as ,ccomplislted using the temperature coefficients of the material

=constntrith,_n'selhes, as'tabulated in Appendix A, in conjunction with Eq. (3)

which~is morely, a trundafd'TayIdr Seriý-s expansion.

1+. ,• 0T (T-To/+ 2(To T - o
(T 2X(TO) 3T (T(3

Here X is the desired material constant, To is aoorr. temperatureand

1/X (To) aX/ T and I/2X(To) a2 X[8T2 are the'first and Second:order norrmalized

,temperature coefficients respectively. Where second order coefficients of the

mateziial constants were not readily-available, Eq. (3) was truncated-after the

first order term. Also, where direct~measurements of the temperature coefficients

of the-density were not available, these coefficients were calculated from the

coefficiefits of thermal expansion according to Eq7. (4) which is derived in Appendix B.

(To) aT [ +022 +033] (4)

Here p is'the density and a are the-coefficients of thermal expansion.

The results of step I, that is complete material constant matrices for lithium

niobate, 1,thium tantalate, quartz and tellurium dioxide at 150 C, 250C and 35 0 C

(10°C, 20 0 C and 30 0 Cfor TeO2 ), are tabulated in Appendix C.
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step i Consisted oftcompssitgte urisce *Rve eocijWe 15% 2asceW
3S°C using the results of step]. T'he calculations were srm* uu~; ;ýwcompatwr
ptograw based on the work of CamnpbeUL and Jones 138 UM,9TIMand -1140).

1 , W results of stop UWiere thev direc.tly--sugtuied into Eq. (2) it.4 deter-
mining the temperature coefficient of velocity..

For most delay line, filter and other Wig"I processing applicatiOns she actual
parameter ef interestkis not the. temperature coefj=isent f locity it is fifa t

ihe rbange in delay time with tempcrature -4lland and ScEhlil, 1970). IMh! first

or der- temperaturz coeffir-ient of delay is given by Eq. "i5)4-

1 • l- (5) -
TCDu 1

1fkerie a f iy is th, delayjtime and-I is the distance betwe-n two mnzteriaI pdints.

The temperature coefficient of delay is related to the temperature -cw4fficieht

'of -ýelo-ity through the coefficient of 'thermal expansion. .'.

-7 alaS' T , _T v1 Sa ( 6a)

I a I av sT ay X- a .V.a (6b)

Note tlhatthe appropriate Value of c, in this equation-depends~very much on the

orientation being consideredahiee-the matrix of the coefficient of thermal expansion

is anisotropic. The proper value of-a is-obtained by rotating the basic matrix

through the appropriate Euler angles (Goldstein, 1970) and conmbi.ning in the standard

manner similar to the methods used in rotating the elastic, piezoelectric~and

dielectric,constants for velocity calculations ,(Campbell and Jones, 1968).

For the puijposes of this report, Eq. (G) was used directly for calculating TCD

by using the previously determihed approximate value of TCV along with the ap-

propriate value of a.

3, DATA

The purpose of this, section is to present a tab~ulation (beginning onpage 9) of

the ternperature coefficients of velocity and delay for a wide variety of cuts and

orientations of LiNbOS, LiTaO3 , quartz and, tellurium dioxide. In addition, the sur-

face, wave vel,-city, the-coupling parameter, Av/v (Campbell and Jones, 1968 and

1970b), and the electromechanical power-flow angle, • (the deviation ofthe time
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avezage -power flow from 'the phase velecity Z. 3
vectoO) are presented'on facing pages, This

informationallows the device designei'to
choose a giveh-material o;ientation with full 2

knowledge of all applicabl'e parameters .includ&- y
ing coupling of electromagnetic,'to acoustic

energy, pure mode axes (directions.for which ., I
0) and the- effect of beam steering

(Slobodnik et al, 1970 and Slobodnik aid.
Conway, 1970b). Use of electromechanical,

-power flow rather thaih-the inc,)mplete mnecha-

'A nical-power provides greater accuracy than p

previously availaUle (Slebodnik and. Conway,

1l970a),
The orientations tabulated are oa•antitatively

defiftedus.ing the Euler angles, lainoda, mil;and

theta as explaified inFigure 1. The stahdard
cuts and orientatiorisare shown in Figure 2a to
o along'with their correspohding Euler-angles.
Many nh'~staxida r�d•rehtations have also'be•Zn

invesiigated in the attempt-to discovei" zero or 3 p 2

minimum-values of the temperature coefficient,

ofdelay. These orientations areidentified only
bytheir'Euler angles. The use of "rotated Y

constants" allows further 'flexibility in the in-

Vestigation of off-axis orientations (although
round-off errors are somewhat greater in com-

putation of temp.erature coefficients). In these
cases the propagation axes 1, 2 and 3 do not Figure 1. Coordinate System

Used to Define Acoustic'Surface
initially line up with the crystalline axes X, Y Wave Propagation. Thephase

velocityvector lies along the
and Z but rather with those crystalline or.enta- I axis while the ulate normal
tions resulting from a breliminary Euler angle lies along the negative 3 axis.
rotation through the "rotated constant" angles. The crystalline axe, are given

by X, Y, and Z while the Euler
For further details of this notation the reader angles are X, 1, and 0 (after

H. Goldstein.in Classical
is referred to Appendix D. Mbchanics).

Finally it can be noted that, wherever
possible, the data tabulated in this section was
compared with previous theoretical: and experimental results (Schulz et al, 1970;

Holland and Schulz, 1970: Welsh, 1971; Lewis et al, 1971; ard Schulz and Holland,
1971). In-al~cases reasonable agreement was obtained.
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Corresponding Euler Angle Notation
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4. SU'tANY PAD CONCOISMSO

Analy~sis of the cbta. pregentecn in section 3 yields se% eral inle-rebtirng surface

wave 3r ientatdon.- the more-significant of which are listed In Table 1. As- expected

no z~ero temnerature coefficient of delay cut was found for .LiNbO3 . Vgowever. very

fortuitously, the 4 l1-/2 rotated czut, X propagating orientation (Sobodnik and

Conway, 1970b) previously dete_-inineed to yi eld excellent, low -loss, wide bandwidth-

devices -also possesses the lowest temperature coefficient of delay yet~found-on

this m~aterial.

The biggest disapp,)intment was LiTaO3 since, contrary to expectations Mr~

ze:, temperature orientation was -found hcre either. T7he~absolute lowest value of

-2-3 ppm was unfortunately associated-with an orientation having some 1. 550 of-beam

steering (Schulz and Holland, 197 1). As can also be seen from table 1, the sacri -
fice- of several parts per million-ini temperature dependence yields two pure mode

r - axes orientations -having velocities of 3300 rn/sec. Both of these cuts also have

moder-ately high coupling (6v/v). The next to last orientation given in the LiTaO~

column is-listed not for its low- temperature coefficient but for its very high coupling

which is~substantially higher than any previously'kiown.

For an-exhaustive list of the zero temperature cuts of quartz, the reader is

referred to Schulz, Matsinger and Holland (-1970). Table 1 merely gives the

popular ST cut along with ZX orientation- -not mentioned by-Schulz et al (1970).

It istetwo TeO2 orientations given in Table 1 which show the most unusual

and perihaps the most pol~entially useful properties. Shown here for the first time

is a simultaneous combination-of zero temperature -coefficient of delay, zer3

power flow--angle, 0 and ultra-low surface wave velocity. This last prop)erty allows,

of course, long time delays in short spaces~and the consequent reductirnb in size

and weight. The low coupling associated with these orientations will probably

require enhancement through thin films (Solie, 197 1; Reeder et al, 197 1; and

Smith, 1.97 1) or surface wave-leneration scheines other than interdigital trans-

ducers (Bertoni, 1969; Li and Yen, 197 1; and lBertoni and Tam ir, 19711). In addi -
tion, the high acoustic propagation loss (Ohmachi and Uchida, 1970) of TeQ2 will
probably limit its use to the V!HF frequency range.
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Appendix A

Mlaterial (;"Mantsiasd Their Tem•ipcrtuce Coefficievs$

This appendix presents the material constants, the normalized temperature

coefficients of the material constaiits, and the temperature coefficients of thermal
-expansion for LiNb03o LiTVO,ýo quartz and TeO2. .All of the values lor LiNbO3

and LiTaO,3 were taken diriect~ly fr'om Smith and Welsh (197 1) except the tempera-

ture coefficient of derpsity which was calculated from t.he coefficients of thermal

expansion using t•e technique outlined in Appendbc• B. The values for quartz were

taken directly~irrom either,-t3eckmann et al (1962) or from Zelenka and Lee (1971).

The value.5'for T-aO were taken from Ohmachi and Uchida (1970).

It should be noted that the velocity, 6v/v, and power flow angle calculations

of Section 3 for LiNbO3 and LiTaO3 were taken from the Micr-wave Acoustics

Handbook (Slobodnik, 1972) and therefore were made using the material consttrnts

given by Warner et al (1987).

L
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"Table Al., Temperature Coefflcients-of Material Constants. Material: LiNbO3 ;
Crystal Group. 3m;,Referercesg- "SMnith and Welsh (1974).

Room Tempei-ature 'Nok-rafiized Terperature Coeffiients
(25 0 C)

Value-of Con stant, Fi sf Order, Secod Order
I ax _

- X- a I 'a--Xa:
X aT 2 XT

, -0110 X IQ. N/nr 2  -1.474 x 16&/°C

. c2 0.573 -2.52 -

,E 0.752 -1.59, -
131

Elastic
Constants C. 1 0.0 5 -2.14

c33 "2,w424 '-1 53

4 E 0.595 -2.04
44-E

c6 0.1285 -1.43
66-

e1 5  3.76-C/m 2  1. 47' -

tieo- e 2 2  2.43 0.19 -

;electric
Constints, e 3 ,1 ,0.23 2.21

__ , e 3 3 1. 33 18.87 --

392Slu :/ 3.23
Dielectrics 39.2 x,10 ,!P/m 3

Cofistants S
j33  24.7 6i27

Density p 4.64 x 103 kg/m 3  -0.383

Table A2. Temperature Coefficients,,of Thermal Expansidn. Material: LiNbO 3 ;
Crystal Group: 3m; References: Smith and Welsh (1971)

- [ Tempuralure Coefficients
(250C)

First Order Second Order

Thermal a 0. 154 X 10 4 /OC 0.053 X 10"7/(oC)
2

Expansion a 3 3 0. 075 -0.077
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Table AS. Temperature Coefficients-oi !saterial Constants. Material: LiTaO3 ;
Crystal Group: 3m;, References: Smith and Welsh- (1971) -

Room Temperature Normalized Temperature Coefficients
(25C) Firstrder, Second Order

I Value of Constant, X.1 2dax=

X________ 2X 8T 2X 21 -

2. 29$ x 10 N/m2 -1.03X'10- 4 /°C 10-/ (C) 2

f E 0.440 -3.41 -1.18

V 0.812 -0-0.0 6.0013
Elastic, E

Constants c 14 -0. 104 6.67 16.7

C E 2.798 -0.96 -3. 2,
) 33E

E 0.968 -0.43 1.67

c 6E 0.929 -0.47 i.24

e 2.72 C/m 2  -1.32 -7.17

Piezo- e 1. 67 -0.60 -6.28
electric 

22

Constants e 3 1 -0.38 0.87 51.8

e 3 3  1.09 1.54 1.41

Dielectric S 37.7 X 10-11 F/m 3.29 4.28Dieletric 11Constanits
3 3t 37.9 11,..6 78..0

Density p 7.454,x 103 kg/r 3  -0,63

Table A4, Temp. ature Coefficients of Thermal Expansion. Material: LiTaO3 ;
Crystal Group: 3m; References: Smith and Welsh (1971).

Tempera tureCoofficients
(25o()C,,

First Order ,Seco~dd Order

1 0. 161 x 10"4/oC 0. 070 >< 10" 7 /(oC) 2

Thermal
Expansion 0.041 -0.1100
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Table A5. Temperature Coefficients of Material Constants. :Material: Quartz;
Crystal Group: 32; References: Bechmann et al (1962) and Zelenka aud Lee
(197 1).

IRoom Temperature Normal•ied Temperature Coefficients

S(250C) Firsf.Order, Seco/d OrderSValue Ofx'COnetants, --- 2108`2=a2

LX0T a1 2Xa -2

[ cI 1  8. 674 x 101 N/r -0. 443 xN oi0 /oc

C1E 0.699 -26.90I. 12
c 1 .191 -5.50

.Elastic E -E1.791 1. 17
" Constants c14

c 10.72 -1.60

c 4 4  5.794, -1.754

S66 3.9875 1.876 -

Density p 2.65 X 103 kg/zn 3  -34.92 X 1O-6/oC -15.9 x 10" 9 /(OC)

Table A6. Temperature Coefficients of Thermrnl Expansionm Material: Quartz;
Crystal Group: 32; References: Bechmann et al (1962).

Temperature Coefficients
(250C)

First Order Second Order

Thermal' a 11 13.71 X 10-6/pC C. 5 x 10 9 / °€ 2

Expansion
a33 7 48 2.9
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Irible A7.. Temperature Coefficients of Material Constants. Material: TeO2 ;
Cryski:Grotp:' 422; References: Dhmachi and Uchida (1970).

Room Temperature,-Normalized Temperature Coefficients

First Order, Secold Order

Ei 10 s2x•l°/• -2. 70 x 10or4/cI 1E 5.57 x 1 0 N/m 2  
-

c 5.12 -3.28.

c 1 3  2.18 -0.54

Elastic 0
Cbnstantg, 0

.c '10.58 -2.81 -

cE 2.65 -0.73 1

c6 I -6.59 -4.38

Density p 5.99 x 103 kg/m 3  -46. 6 X 106/°-

Table A8. Temperature Coefficients of Thermal Expansion. Material: TeO2 ;
Crystal Group: 422; References: Ohmachi and Uchida (1970).

Temperature Coefficients
(200C)

First Order Second Order

Sa1 1  20. OX 10"6/°C
Thermal

Expansion a 6A33
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Appendix B

Thk Tempematui eCoeffi.,ienz of Density

The temperature coefficient of density can be obtained from the coefficients

of thermal expansion'as shown below.

By definition the density is the rmass per unit volume

p (T) M I = Mf 1-11 I-1

*123 2 3

where-I 1V f and *3 are unit lengths alotig the X, Y and Z'crystAiline axes. res;

,pectiveiy. M is, of course, the mass. Taking the derivative of Eq. (B1) yields

"0 1 1* -1

S -12 2l3 +MD- (2

or

2L= MI ' t - D-----M i * -I - + Mt * t 1B3
e1e2 1T 13 aT 2e3 DTl

Preceding page blank
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This isalso equivalent to

a -1 -1 -2 -21
-1 -f -I f I~~~ 2 -- MIfI (BO,:

~1l 2 13 'ZT -1 3 2 EIT 2 13 1~ T

Grouping terms yields

S=-I1 -1 a1 3  1 8a9-L ..L._ 1 all

aT 1 3 T a2 OT •

Thus

_PaT f I T 1, 3 8Taf (B6)

1 _S

Or by definiti6n of #.e thermal expansion coefficients

V1 . =.[a,1 1 +u 2 2 +a 3 3 ] -(B7)

.Q.E.D.
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Appendix C

Material:'Constants at 150C, 250C and 350 C

This appendix presents, intabular form, the-independent material constants

of LiNbO3 , LiTaO3 , quartz and TeO2 at 150C, 250C and 300C (100 C, 200 C and

300C for TeO2 ). These quantities were computed using Eq. (3) along with the

temperature'coefficients listed in Appendix A.
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Table. C I. Independent Elastic (in 1011 N/rn2 ), Dielectric (in 10 F/vE),
and Piezoelectric (in C/rm2 ) Constants-of LiNbO3 at Various Temperaturev.
Density, (in 103 kg/rj 3 ) is also included. Complete matricea can be
obtained using the symmetry of crystal group 3m (siee4or exafnple
Berlincourt et al. 1964).

Temperitur-e

Constant 150 C 250 C 35 0 C

E 03353 2.030 2. 02647

E
C12  0.574444 0.-573 0.571556

0 0.753196 0.752 0.750804

4 0.085182 0.085 6.084818

E 2.42771 2.424 2.42029
E

,•4 -0. 5962'14 0.595 0.593786

.c 0.729542 0.7285 0. 727458Sc66

el15 3.75447 3,.16 3.76553

e 2 2  2. 42808 2.43 2.43192

e 3 1  0.229492 0.23 0. 230503

e33 1. 31820 ,1.33 1. 34180

C S 37.0734 39.2 39. 3266

S 24.5451 24.7 24.8549
.33

p 4.64178 4.64 4.63822
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Table-C2. IndependeniElast!c (in 10I! N/r2 Dielectric (in I01 F/m),
and- Piei6ýlectric\(in-C/m 2 )-Constanits of LiTaO3 at Various Tenmperatures.
De'nityi(in. 103 kg/n 3 )'fs-also-inluded. -Complete matrides can be ob-

ustied ing-the symmetry ,of crital group 3m (see for example
:Berlincourt et al, 1964).

Temnperature

Constant 5iC 250C 35 0 C

E230038 2.298 2.29565ic--1 2.29

c - 0.441495 O.,440 0.438494

E
c 13 0. 812455' 0.812 0.811643

E
c p. -0. 103324 r-0. 104 -0. 1047110

Ec 3 3  2.80060 2.7,98 2.79522

E 0. 968432 0. 968 0. 967600

0

CE 0. 929448 0. 92 0. 92857566

el 5  2.72340 2,72 2.71621

e 2  1.67090 1.67, 1. 66889

e3 1  -0.379866 -0.38 -0. 380527

e 3 3  1.08834 1.09 1.09169

ES 37.5776 37.7 37,8256

S
CS 3  37. 4899 37.9 38.3692

p 7.45671 7.454 7.45129
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Table C3. IndependentElstic (in 1011 N/m 2 ), Dielectric ,Iit 10-11 F/m),
and Pie-oelectric (inCm/n2 Y)•Constants ofQuartz. at'Various Temperatures.
Density (in.lO0 kg/rm3 ) is also included, ComipLete matrices (san be~ob-
tained using-the symmetry of6crystal groups 32- (see for ex•np'le
Berlincourt et al, "1964).

Cosan Temperature]

Conistant 150C 250C - 35°C

Cl 0.867784 0.8674 j 0.867016,
11

cE 0.071780 ,0.0699 0,06802

E 0.119755 0.1191 0.118445c13

CE -0. 178890 -0. 179i -0.17931014

S1.073715 1.072 1. 070285

S0.580416 0.5794 0.678384
c44

c 0.398002 0.39875 0.399498
66

ell -0.17,1

-el4 -0. 0406

- 3.92•11

SS 4.1
p33

2. 65092 2. 65 2. 64907
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Il1 2
Trable C4. Independent Elasticl(in 10 N/m2), DMeleetric (in 1o0 F/m),
and Piezoelectric (in n/m

2 ) Constants of TeO2 at Various Temperatures.
IDensity (in 10• kg/m 3 ) isalso.included. Complete matrices can be ob-
Berlincourt'et al, 1964).

Temperature

Constant 100 C 20 0 C 30 0 C

I E
c 1 1  0.5585 0.557 0. 5555

c 12  0.51368 0.512 0.51032

c13  0.218118 0.218" 0.21788

c 33  1.0610 1.058 1.0550E

0 c 0.2C519 0.265 0.2648Jw 44

Ec 6 6  0.66189 0.659 0.65611

e14 0.216

•S
1 20.1,

S
C3 3  - 21.9

p 5.9928 5.99' 5.9872

0,
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"Appendix D

"Rotated Coanstants" and Euler A\ngle ýSotarloJnl

The meaning of the "rotated constant" Euler angle notation can best be
explained with reference to several examples.

Figure Dl illustrates the standard starting coordinate system in which the

propagation axes line up with the crystalline axes X, Y and Z. Thus, one can

follow how the standard Euler angle notation 0, 90, 0 refers to rotation in the XZ
plane, starting with a propagation direction along theX axis and a plate normal

along the -Y axis. This is the Y-cut plate illustrated in Figure D2.

If, however, we first rotate througn the Euler angles 45, 90, 35. 264 then the

1 axis, or propagation direction, is initially aligned with the [111] crystaliine axis
and the 3 axis or plate normal would lie along the (ITO] crystalline axis. This is

illustrated-in Figure D3 which also indicates how further rotations can then be
accomplished from this starting p',oint. The notation.used in the text to describe

this situation is illustrated in Figure D4.

Preceding page blank
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3Z

: 2

S~y 
Y-CUT PLAI E

-- 

900

Figure D2. Standard Notation for a Y-cut
Plate. Rotation of ps through the angle of
900 aligns the plate normal with the (-Y)

Y crystalline axis while the propagation
direction'remains along the X axis.

X Further rotations in the plane of the plate
are then accomplished through the angie 0

Figu!re D1. -Coordinate System
Used to Define Acoustic Sur-
face Wave Propagation. The
phase velo,.Ity vector lies
along the I asis while the plate
normal lies along the negative
3 axis. The crystalline axes
arc given by X, Y, and Z
while the Euler angles are X,
p, and f) (after II. Goldstein

-in Classical Mechanics).
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• 90

1/

3~2

Elio] •

SFigure D4..Stndard No.tatin for a Iffo0 -

cut Plate. Initial rotation through the Euler
•,• "angles 45. 99), 35.i64 aligns the propaga-

tion direction~ with the 1I!1} crystailine axis
S~and the plate normal w-ith the [1101 crystal-'

line axis. Further rotations in the plane of
Sthe plate are then accomplished th~ough the

3 P

S\ angle 0

Figure D3. Coodindate Sy,•tem
After Initial Rotation Through
the Euler Angles 45, 90, 35.2'44.

The phase velocity vector lira
along the I axis while theplate line axis are given by
[ll11 and [rTat while the
Euler angi9s for further rotat-
tions from this starting point-
are the, and nm (after Ic.
Goldstein in Classical
Mechanics)


